Background: Two nucleos(t)ide reverse transcriptase inhibitors (NRTIs) -abacavir and didanosine -may each be associated with excess risk of myocardial infarction. The reproducibility of this finding in an independent dataset was explored and plausible biological mechanisms were sought.
Introduction
Traditional risk factors have a similar impact on cardiovascular disease (CVD) in HIV-infected persons as they do in the general population [1, 2] . However, in HIV-infected persons, both HIV replication and antiretroviral therapy (ART) may contribute independently to cardiovascular risk [1, [3] [4] [5] [6] [7] .
To date, only one randomized clinical trial has been designed to include CVD as a prespecified study endpoint [8] . Thus, much of our current understanding of the These findings were unexpected, as abacavir is not known to adversely affect lipid and glucose metabolism, factors that are normally considered to be pro-atherogenic. These metabolic abnormalities likely contribute to the mechanism by which HIV protease inhibitors increase the risk of MI [4, 6, 10, 11] ; the adverse effect of protease inhibitors is gradual with longer exposure to drugs in this class, suggesting a gradual worsening of the underlying atherosclerotic process. In contrast, the MI risk associated with abacavir use was characterized epidemiologically as emerging quickly once the drug was initiated (within the first year of use), did not appear to be affected by duration of use of the drug, and was no longer present in patients who had ceased to take the drug for some months. These findings suggest that the mechanism by which abacavir might increase the risk of MI is more likely through an increased propensity for subclinical atherosclerosis to manifest itself as an MI, than a direct effect on the underlying atherosclerotic process per se.
Analyses of the Strategies for Management of AntiRetroviral Therapy (SMART) study were conducted to evaluate -in this independent dataset -whether the findings from D:A:D were reproducible and, if so, whether a possible biological mechanism to explain any increased CVD risk could be identified.
Methods Design
The design and methods used in the SMART study have been described previously [8] . Two strategies of using ART were compared in 5472 patients: the Drug Conservation strategy, in which ART was only initiated once the CD4 cell count had decreased to less than 250 cells/ml and was then interrupted once the CD4 cell count increased to more than 350 cells/ml, and the Viral Suppression strategy, in which ART was used continuously to maximally suppress viral replication. The trial was modified on 11 January 2006, when it was observed that the Drug Conservation strategy led to an excess risk of both serious AIDS and serious non-AIDS events (cardiovascular, renal, hepatic disease, and non-AIDS defining cancers). The cohort was followed up for an additional 18 months after this modification [12] . Any available ART could be used for patients in SMART study. Thus, the Viral Suppression arm of SMART represents a large cohort within which observational analyses of different ART and risk of CVD can be carried out.
Outcomes assessed
In SMART, cardiovascular events were collected and adjudicated by an Endpoint Review Committee using prespecified criteria for each event [4, 8] . Three different CVD events were considered: clinical MI as considered in D:A:D; a composite of major CVD events as prespecified in the SMART protocol and previously reported [4, 8] [clinical and silent MI, stroke, surgery for coronary artery disease (CAD), and CVD death]; an expanded composite CVD outcome, also considered by Phillips et al. [4] , which included major CVD plus peripheral vascular disease, congestive heart failure, drug treatment for CAD, and unwitnessed deaths.
Electrocardiograms (ECGs) were recorded at baseline and annually thereafter; these were collected electronically and read centrally as described previously [13] . Abnormalities considered to be evidence of ischemic changes on ECG were as follows: Q-wave changes (Minnesota codes 1.1, 1. Four inflammatory markers [high sensitivity C-reactive protein (hsCRP), interleukin (IL)-6, amyloid A, and amyloid P] and two coagulation markers [D-dimer and prothrobmin fragment 1þ2 (F1.2)] were measured at baseline for cases of CVD, opportunistic disease, death, end-stage renal disease, or cirrhosis that occurred before the protocol change on the 11 January 2006, and for two controls for each case matched on age, sex, site, and date of randomization (561 controls) [14] . In addition, these markers were measured at baseline for a random sample of 499 patients. For the present set of analyses, patients in the random sample and control patients were included if they used a nucleos(t)ide reverse transcriptase inhibitor (NRTI) at study entry -a total of 791 patients fulfilled these criteria. Biomarker levels for cases were not included.
The conduct of these analyses
The first four research questions below were prespecified in the analysis plan. The fifth research question was undertaken after reviewing the findings from the first four questions.
(1) How different was the cardiovascular risk profile at study entry among patients on ART depending on whether abacavir, didanosine, or other NRTIs were used? (2) Did the levels of any of the six inflammatory and coagulation markers vary at study entry according to NRTIs used? In analyses responding to questions 3, 4 and 5, only patients from the Viral Suppression group were included, as inclusion of patients from the Drug Conservation group may compromise our ability to address these questions, as interruption of ART may adversely affect inflammation and coagulation processes within the body [14] and may elevate risk of CVD [4, 14] .
Statistical analyses
Baseline characteristics, including CVD risk factors, were compared for three groups of SMART study participants, defined by the type of NRTI used at study entry:
(1) abacavir, not didanosine; (2) didanosine (with or without abacavir); (3) NRTIs other than abacavir or didanosine (henceforth referred to as other NRTIs).
Additionally, groups 1 and 2 were compared with group 3 for the subgroup of patients in whom the six biomarkers had been measured at baseline. Differences in biomarker levels were assessed on the natural log scale (log e ) as the distribution of the biomarkers was highly skewed. With the use of log e transformation, the percentage difference between groups can be obtained by 100(e difference À 1). Adjusted differences were obtained by using analysis of covariance; and the covariates used were age, sex, race, smoking, CVD history, diabetes, total/high-density lipoprotein cholesterol, use of blood pressure (BP) or lipid-lowering medication, CD4þ cell count, HIV-RNA level, hepatitis status, BMI, and use of NNRTIs and protease inhibitors.
The association of abacavir with CVD outcomes was assessed using Cox models. All patients randomized to the Viral Suppression group in SMART, the group assigned to receive continuous ART, were included, with followup through July 2007. For the main analyses, a participant's current NRTI use at any time during follow-up was categorized as Cox models included the participants' current NRTI use as three separate time-updated indicator variables (with category 3 as reference) with adjustment for the same baseline covariates mentioned above, thus allowing the estimation of adjusted hazard ratios (HRs). The analyses were repeated, as sensitivity analyses, for recent use of abacavir, defined as in D:A:D (current use or use in the past 6 months rather than current use only [9] ; current use of abacavir versus tenofovir (without abacavir); and abacavir use according to whether or not it was used as part of an NRTI-only regimen. As exact duration of individual drug exposure prior to study entry was not collected in SMART, analyses assessing the influence of cumulative exposure to the drugs could not be conducted.
Cox models were also used to study the association of abacavir with new ischemic events on the ECG. For these analyses the same NRTI group and covariates were used. Analyses were restricted to the 1592 Viral Suppression patients without ischemic abnormalities at baseline and with at least one follow-up ECG. For these Cox analyses, follow-up was censored at the last ECG obtained.
HRs for CVD, comparing current use of abacavir but not didanose with other NRTIs, were estimated in subgroups of patients. The expanded definition of CVD used by Phillips et al. [4] was used for these analyses, to maximize the power of the analyses. Subgroups were defined at study entry, by the presence of ischemic abnormalities and the number of CVD risk factors present at entry. Homogeneity of HRs across subgroups was assessed by including an interaction term between the subgroup and the time-updated NRTI use indicators.
Results

Baseline characteristics
At study entry of the 4544 patients receiving an NRTI, 1019 (22.4%) were receiving abacavir but not didanosine, 643 (14.2%) were receiving didanosine (of whom 99 received this together with abacavir), and 2882 (63.4%) were receiving other NRTIs (including 643 who were receiving tenofovir but neither abacavir nor didanosine) ( Table 1) . Patients receiving other NRTIs were more frequently women and used BP-lowering and cholesterol-lowering drugs less frequently. Otherwise, the cardiovascular risk profile was similar irrespective of the use of type of NRTI. The percentage of patients with five or more CVD risk factors was 18, 17, and 14% for those receiving abacavir, didanosine, and other NRTIs, respectively.
Biomarker analyses at study entry The hsCRP and IL-6 levels were higher in patients receiving abacavir at study entry than in those using NRTIs other than abacavir or didanosine at study entry (Table 2 ); these differences were statistically significant after controlling for cardiovascular risk factors and other covariates at entry. Differences in levels of amyloid A, amyloid P, D-dimer, and F1.2 were not significant. Baseline use of didanosine was not associated with elevated levels of any of these biomarkers.
Risk of developing cardiovascular disease after study entry in the Viral Suppression arm
In the multivariable analysis, current use of abacavir was associated with an increased risk of each of the predefined CVD outcomes (Table 3 ) compared with patients receiving any NRTI other than abacavir or didanosine. Conversely, the use of didanosine was not associated with a significantly increased risk of any of the outcomes.
In a sensitivity analysis in which patients receiving tenofovir were treated as the reference group (rather than those receiving any NRTIs other than abacavir or didanosine), the excess risks of each cardiovascular outcome associated with current use of abacavir were comparable with those presented in Table 3 (see Table 3 F20 AIDS 2008, Vol 22 No 14 The 2882 patients using an NRTI but not abacavir or didanosine include 643 patients using tenofovir, 1557 using zidovudine but not tenofovir, and 636 using stavudine and not tenofovir or zidovudine.
c Q-wave, ST-depression, T-wave inversion, any bundle branch block or QTI > 112%. Five or more of age >45, male sex, smoking, total/HDL cholesterol >4, BP-lowering treatment, lipid-lowering treatment, prior CVD, diabetes, and ischemic changes on the ECG. Table 2 . Median (interquartile range) levels of six preselected biomarkers at study entry and percentage difference between the abacavir and didanosine groups and the other nucleos(t)ide reverse transcriptase inhibitors group: 791 patients on nucleos(t)ide reverse transcriptase inhibitors at study entry. Percent difference obtained by calculating mean differences after natural log (log e ) transformation, exponentiating, subtracting 1.0, and multiplying by 100. Comparisons are between abacavir, no didansine and other NRTI, and between the didanosine and the other NRTI group. Univariate and adjusted differences are shown. Adjustment is for age (46 years), sex (27% females), race, smoking (37% current smokers), CVD history (3% with such a history), diabetes (10% with such a history), total/high-density lipoprotein cholesterol (4.6), use of blood pressure (29%), or lipid-lowering medication (23%), CD4þ cell count (632 cells/ml), HIV-RNA level (72% <400 copies/ml), hepatitis status, BMI, and the use of NNRTIs (48%) and protease inhibitors (e.g. 13% on lopinavir). In parentheses after each variable presented for the entire cohort in Table 1 are median levels or % for the 791 patients included in the present set of analyses.
footnote). Analyses defining current use of NRTIs as in D:
A:D (current use or use in the past 6 months rather than current use only) were also carried out and the results were very similar. Finally, subgroup analyses that considered whether abacavir was being used with an NNRTI or protease inhibitor or in a totally NRTI-based regimen were considered and HR estimates were similar (data not shown). Risk of cardiovascular disease associated with nucleos(t)ide reverse transcriptase inhibitors after study entry in the Viral Suppression group according to whether patients had five or more cardiovascular disease risk factors or ischemic abnormalities at study entry For this analysis (Table 4) , we considered the expanded definition of CVD shown in Table 3 . The risk of CVD associated with current use of abacavir compared with NRTIs other than abacavir and didanosine tended to be higher (P-value for interaction: 0.10) in patients with five or more CVD risk factors when entering SMART than in those entering SMART with fewer or no CVD risk factors (Table 4) . Patients with evidence of ischemic abnormalities on their entry electrocardiograph had similar trends, although less pronounced (P-value for interaction: 0.50). These trends were not observed for the analyses focusing on the effect of didanosine.
Risk of developing ischemic abnormalities on
Discussion
The analyses reported in this article were conducted in response to recent observations from the D:A:D study [9] , suggesting an increased risk of MI in patients currently receiving abacavir. The findings are broadly consistent with that report and suggest that the risk of CVD is approximately doubled in patients currently receiving abacavir compared with patients currently receiving NRTIs other than abacavir or didanosine.
In D:A:D [9] , the current use of abacavir was associated with a 90% increase in the rate of MI. In the dataset used in the analyses reported in this article, only 19 patients experienced a clinical MI, limiting the use of this endpoint to confirm the D:A:D findings. However, our analyses of this outcome as well as those incorporating broader definitions of CVD suggested increased rates that were similar to and within the range observed in the D:A:D study. Of note, the excess risk associated with the use of abacavir was also observed when use of abacavir was compared with use of tenofovir, suggesting that tenofovir is not associated with adverse effects on the arterial vasculature compared with other NRTIs (primarily zidovudine and stavudine containing regimens in In four separate models using patients receiving tenofovir-based NRTI but not abacavir or didanosine (as opposed to NRTI's other than abacavir and didanosine) as reference group, the HRs (95% CI) for the four types of events were SMART). However, it should be noted that as the power of our analyses was limited, and as D:A:D did not have sufficient power to address this question, the potential impact of tenofovir on the risk CVD should be confirmed in other datasets.
When stratifying the group according to whether five or more CVD risk factors were present at study entry or not, the excess risk of CVD associated with current use of abacavir tended to be higher in those with such increased underlying risk of CVD. In D:A:D, the excess risk associated with recent abacavir use (in relative terms) did not appear to be greater in those with higher underlying CVD risk [9] . Rather, a marginally significant interaction was observed in the opposite direction when comparing the risk among patients at low and medium/high cardiovascular risk. More studies are required to shed further light on this issue. Of note, both the analyses and the definition of underlying CVD risk differed between the two studies, in part, due to differences in availability of data to estimate underlying risk.
The identification of a biological mechanism that may explain the increased risk of CVD in those receiving abacavir is important for two reasons. First, such a mechanism would provide biological plausibility for associations that are derived from observational data. Second, understanding of any biological mechanism may permit the identification of patients who may be at particularly high or low risk of this event, thus allowing the drug to be used in a more targeted way.
The present set of analyses provides one suggestion of a plausible biological mechanism. At study entry, patients on abacavir had higher levels of hsCRP and IL-6 than patients receiving other NRTIs. Conversely, for the four other biomarkers considered, all of which have previously been associated with CVD, significant differences were not observed.
The biomarker findings suggest that abacavir may have proinflammatory properties. Abacavir causes hypersensitivity reactions in patients with HLA B Ã 5701 and, as such, has already been demonstrated to have proinflammatory properties in genetically predisposed persons [15] . However, as the abacavir-associated hypersensitivity reaction is observed within the first 6-8 weeks after the drug is started, and most patients in SMART had been on the drug for considerably longer periods at entry in the trial, it is unlikely that a hypersensitivity reaction, per se, can explain our findings. Consistent with this, the D:A:D study found a continuously elevated risk of MI associated with abacavir irrespective of duration of exposure [9] . However, approximately one third of patients with HLA B Ã 5701 do not develop a hypersensitivity reaction after starting abacavir [15] , and it is possible that ongoing subclinical inflammatory reactions in these patients may contribute to our findings, or that abacavir may stimulate inflammation by other mechanisms.
How could elevated levels of IL-6 be linked with excess risk of CVD? Elevated levels of IL-6 are recognized to be associated with an increased risk of CVD [16, 17] . The mechanism may be that elevated IL-6 levels reflect an ongoing vascular inflammatory reaction in the arterial wall resulting in instability of existing plaques and thereby increasing the risk that preexisting subclinical atherosclerosis will manifest itself clinically as CVD [16] [17] [18] . IL-6 may also directly exacerbate the aggregation potential of platelets [19] , thereby increasing this risk. Of note, IL-6 may be elevated due to many different factors, and no prior studies have assessed what contribution druginduced production may have to the circulating pool of IL-6, compromising the interpretation of further detailed comparisons of prior findings to our results.
In the present set of analysis, abacavir was not associated with altered risk for the development of ischemic abnormalities from central coding of serial ECG determinations. This apparent lack of impact on the Five or more of age >45, male sex, smoking, total/high-density lipoprotein cholesterol >4, BP-lowering treatment, lipid-lowering treatment, prior CVD, diabetes, and ischemic changes on the ECG. c A total of 98 events occurred in patients complete covariate information and with ECG available at study entry for assessment of presence or absence of ischemic abnormalities.
atherosclerotic process is consistent with the epidemiological characterization of the abacavir signal [9] (summarized in Introduction).
In summary, on the basis of the data from D:A:D and the data presented here, the underlying mechanism by which abacavir may increase the risk of CVD appears to be through an increased propensity for subclinical atherosclerosis to manifest itself clinically as a consequence of the proinflammatory potential of the drug.
The excess risk of CVD associated with current use of abacavir could be due to a channeling effect, that is patients at an a priori excess underlying risk of CVD may have been preferentially placed on abacavir as discussed previously [9] ; the fact that two observational studies come to the same result could be due to the possibility of similar confounding that is operating in both observational datasets. Only randomized controlled trials can effectively eliminate this possibility. Similarly, we cannot exclude the possibility that patients on abacavir had elevated hsCRP and IL-6 for reasons other than the use of abacavir. Only prospective assessment of levels of these biomarkers before and after initiating abacavir will be able to clarify this association. In SMART, there is insufficient power to assess this. Additionally, comparisons of IL-6 levels between the two arms of the study is confounded by the fact that interruption of ART leads to loss of HIV control which by it self induced IL-6 [14] . Rather, analyses of stored biobank material from studies designed to randomly compare virological outcome of abacavir to other NRTIs are more suitable sources of this information.
The present analyses did not identify a significant association between current use of didanosine and an increased risk of CVD or elevated biomarker levels. In analyses focusing on clinically detectable MI, an excess risk of this outcome was indeed found in patients currently taking didanosine, but this was not statistically significant and was not seen when assessing other CVD outcomes. In all of these analyses, CIs around the estimate of HRs were wide, as a consequence of the low number of patients on didanosine and the low number of cardiovascular endpoints. In the D:A:D study, a statistically significant increased risk of MI associated with recent didanosine was observed, although it was less marked in size and less robust in various types of sensitivity analyses compared with the findings concerning abacavir use. Additional analyses in other datasets are required to assess whether current use of didanosine is indeed associated with excess risk of CVD.
In SMART, abacavir was used more often without an NNRTI or protease inhibitor than in D:A:D. Also, the reference group of patients on NRTIs other than abacavir and didanosine includes relatively more patients on tenofovir than were included in D:A:D. Nevertheless, our findings concerning abacavir use were remarkably similar to those reported from D:A:D. This independent confirmation of the findings from D:A:D, derived from a population with a somewhat different pattern of use of the drug, strengthens the evidence that the association may be causal.
